Introduction
Transcriptional regulation plays an important role in bacterial survival by controlling gene expression in response to changing intracellular or environmental conditions. Within this arena, bacterial sigma factors feature prominently; these protein subunits transiently interact with core RNA polymerases to form holoenzymes that are capable of initiating transcription at specific promoters (Paget, 2015) . The main "housekeeping" sigma responsible for transcribing genes under normal growth conditions can be replaced by alternate sigma factors under changing conditions, thereby activating sets of genes that would normally remain silent (Lee et al., 2012; Mauri and Klumpp, 2014) . Alternate sigma factor abundance is typically regulated by synthesis or degradation; however, some sigma factors can also be controlled by interacting proteins termed anti-sigma factors. These proteins bind, and thereby limit the availability of sigma factors for interaction with the RNA polymerase core enzyme ( € Osterberg et al., 2011) . Sigma factors in the housekeeping (r 70 ) family have been organized into groups based on protein sequence homologies. The primary housekeeping sigma (SigA) is essential and defined as Group 1. Closely related, nonessential, alternate sigma factors are designated as Group 2, and more divergent alternative sigma factors are placed in Group 3. The most abundant and diverse group of sigmas have been assigned to the Group 4 category, termed ExtraCytoplasmic Function (ECF) sigma factors (Helmann, 2002) . This designation is due to their role in repair of damaged bacterial cell envelopes. ECF sigmas are typically regulated through interactions with anti-sigma factors. The external, C-terminal domain of the transmembrane anti-sigma factor senses envelope damage and subsequently releases the bound sigma factor that was sequestered by interactions with the cytoplasmic, N-terminal domain (Heinrich, 2009; Campagne et al., 2015) . One well-studied sigma factor is the Escherichia coli RpoE which is sequestered at the membrane by the anti-sigma factor, RseA. Upon damage to the cell envelope, RseA is degraded, thus releasing RpoE to activate genes that function to repair the damage (Ades et al., 1999; Ades, 2008) . In addition to the SigA housekeeping sigma, the cyanobacterium Nostoc punctiforme has 12 alternate sigma factors ; two of these, Npun_F4153 (referred to as SigG hereafter) and Npun_F2132 (SigI), have been tentatively annotated as potential ECF sigma factors. SigG, along with its downstream, potential sigma antagonist protein (Npun_F4154; referred to as SapG hereafter), commonly referred to as an anti-sigma factor, were found through DNA microarray studies to be upregulated following akinete induction (Campbell et al., 2007) . In the same study, sigG was also upregulated under nitrogen-fixing conditions. The SigG ortholog in Synechocystis PCC 6803 was found to be essential due to the incomplete segregation of mutants, and knockdown strains grew slower than wild-type controls (Huckauf et al., 2000; Matsui et al., 2007) . The ortholog of sigG in Synechococcus PCC 7002 was not required for survival, though mutation resulted in a cold-sensitive phenotype (Inoue-Sakamoto et al., 2007) . Transcription studies using a GFP-reporter strain indicated upregulation of the sigG ortholog in Nostoc (Anabaena) PCC 7120 in nitrogenfixing heterocysts 9 hours following induction, leading to the hypothesis that SigG was involved in expression of "middle" genes during heterocyst development (Aldea et al., 2007) . More recently, qRT-PCR was used to show significant upregulation of sigG transcript levels 8 hours after heterocyst induction, but only if an intact copy of hetR was present (Ehira and Miyazaki, 2015) . Finally, sigB2 and sigG were the only sigma factors, among a host of nitrogen metabolism-related genes, to demonstrate significant and long-term responses to varying Ca 21 levels in the growth media (Walter et al., 2016) .
This work confirms cell type-specific transcription for sigG, provides evidence for interaction between it and its associated anti-sigma factor both in vitro and in vivo, and demonstrates its importance for survival after envelope damage. DNA microarray analysis was also used to determine SigG's in vivo regulon under vegetative growth and following akinete differentiation, allowing identification of the SigG promoter-binding motif.
Results

Bioinformatic analysis of SigG/SapG support identification as an ECF sigma/anti-sigma pair
Phylogenetic relationships among all sigma factors in N. punctiforme in relation to those in Synechocystis PCC 6803 and Nostoc PCC 7120 are shown in Fig. 1 . The Nostoc PCC 7120 nomenclature for sigma factors has branches of the maximum-likelihood tree were generated using 1000 iterations. Region assignments for each sigma factor were located using the NCBI Conserved Domain Database. Region functions and group assignments are described in the text. Note Np designation used instead of Npun_ in A.
been previously published and to avoid confusion, we have adopted that nomenclature for N. punctiforme orthologs as well. The Group 1 housekeeping sigma, SigA, is closely related to the Group 2 sigma factors SigE, SigC, SigD and five relatives of SigB (Fig. 1) . Npun_F1499, Npun_R1771 and Npun_F3293, designated SigB-a, SigB-b and SigB-c, respectively, cluster with the Nostoc PCC 7120 SigB (All7615). Npun_R4091, designated SigB2, aligns most closely with SigB2 of Nostoc PCC 7120 (Alr3800) and the only SigB in Synechocystis PCC 6803 (sll0306). Npun_BF004, designated SigB4, shows homology to SigB4 of Nostoc PCC 7120 (All7608), both of which are the only sigmas encoded on plasmids.
The Group 3 sigma factors, SigJ and SigF, both lack the Region 1 motif and form a distinct cluster more distantly related to those in Groups 1 and 2 (Fig. 1) . The Group 4 sigma factors, SigG and SigI, represent the most divergent cluster; SigH (sll0856) from Synechocystis PCC 6803 clusters with SigI from Nostoc PCC 7120 and Synechocystis 6803, while Npun_F2132, annotated as SigI from N. punctiforme, appears distantly related to SigI from the other two species when using either the full-length or truncated protein lacking the large Cterminal extension in the analysis (Fig. 1) . Npun_F2132 therefore represents a new family of sigma factors that is absent in the other two strains. We have renamed it SigK to reflect this difference and avoid confusion in the future.
SigG and the adjacent chromosomally-encoded downstream gene, SapG, encode proteins having 218 and 204 amino acids respectively. SigG from N. punctiforme is orthologous to the ECF sigma factor, RpoE, of E. coli K12 (34% identical, 51% similar amino acids; BLAST E value of 2e-23) and Alr3280 of Nostoc PCC 7120 (97% identical, 94% similar; BLAST E value 8e-147). Structure prediction programs such as TMHMM (Krogh et al., 2001) and SOSUI (Hirokawa et al., 1998) identify a single transmembrane (TM) domain in SapG. The 20 amino acid TM domain is situated such that the 115 amino acid N-terminal domain is predicted to be located in the cytoplasm and the 66 amino acid C-terminal domain in the periplasm (Supporting Information Fig.  S1 ). SapG therefore possesses the same general structure as RpoE's anti-sigma factor, RseA, which was predicted to contain a centrally located, hydrophobic, transmembrane alpha-helix, which extends its C-terminal and N-terminal hydrophilic residues out into the periplasm and cytoplasm, respectively (De Las Pen~as et al., 1997; Missiakas et al., 1997) . In addition, SapG has serine and aspartate residues (Ser46 and Asp50) as well as flanking residues that are conserved in RseA from E. coli (Supporting Information Fig. S1 ). In E. coli, even partial deletion of the N-terminal end of RseA, as well as substitutions made to select amino acids in that region, were shown to cripple anti-sigma functionality. From the amino acids that were designated as essential for RseA activity, structural analysis confirmed positive, polar interaction between Ser7 and Asp11 of RseA with Arg178 of RpoE (within Region 4), (Missiakas et al., 1997) . Later, RseA-Asp11 was also shown to share positive, polar relationships with two other residues of Region 4 within RpoE . Our own assessment of the N. punctiforme SapG amino acid sequence and the sequences of its orthologs found in other closely related cyanobacteria revealed conservation of Ser7 and Asp11in the Nterminal region among cyanobacteria orthologs (Supporting Information Fig. S1 ) and within the region used for the GST-pulldown experiments (described below).
Similar to other ECF sigma factors, SigG possesses conserved Regions 2 and 4 while lacking Regions 1 and 3 typically found in sigma 70-type housekeeping sigma factors. Region 2 has been shown to interact with core RNA polymerase and the 210 region of bacterial promoters, while Region 4 was determined to interact with promoter DNA in the 235 region (Murakami et al., 2002) .
Based upon primary sequence similarity using BLAST (Altschul et al., 1990) , N. punctiforme appears to lack several ancillary proteins surrounding SigE regulation in E. coli. These include RseB, that bind the periplasmic domain of RseA and aids in SigE sequestration (De Las Pen~as et al., 1997) , and RseC, a minor positive regulator of SigE (Missiakas et al., 1997) . ClpX, the protease that aids in complete removal of the N-terminus of RseA and release of SigE, has an ortholog in N. punctiforme (Npun_F0851); however the ClpX specificity enhancing factor, SspB, appears to be absent (Flynn et al., 2004) . sigG transcriptional reporter activity during cell differentiation and following envelope stress Akinetes induced by incubation in low light and phosphate starvation can be identified in filaments by their larger size and loss of contact with adjacent cells, which leads to the appearance of disjointed filaments as akinetes mature ( Fig. 2A) . In N. punctiforme, the transcriptional GFP reporter strain containing the upstream, intergenic region of sigG showed a small increase in GFP expression in developing akinetes following induction (Fig. 2B) .
Following nitrogen starvation, nitrogen-fixing heterocysts form in a regularly-spaced pattern throughout vegetative filaments; these specialized cells degrade their light-harvesting phycobilisomes as they develop (Wolf and Schu€ßler, 2005) . Because phycobiliproteins are autofluorescent, reduction or absence of autofluorescence can be used to identify developing or mature heterocysts (compare Fig. 2C and E).
With removal of combined nitrogen from the growth media, the sigG transcriptional reporter strain displayed increased GFP fluorescence in heterocysts and cells adjacent to heterocysts (Fig. 1D ). In addition, increased transcription was occasionally observed in abnormally large cells and in cells located at the ends of filaments. Increased fluorescence in heterocysts and adjacent cells of the sigG transcriptional reporter was lost in a sigG mutant background, indicating positive autoregulation ( Fig. 2F-H) . A control strain bearing a promoterless reporter plasmid showed no fluorescence under any of the conditions studied (data not shown).
To test the hypothesis that sigG was transcriptionally responsive to envelope damage, the sigG transcriptional GFP reporter was used to visualize expression of SigG before and after exposure to a range of EDTA levels (Fig. 3) . Before EDTA treatment, the cells showed lowlevel fluorescence, indicating a basal level of expression in a wild-type background strain (Fig. 3A) . Increasing amounts of added EDTA resulted in increased transcription of sigG, as indicated by correspondingly stronger GFP expression, with the most fluorescence observed in the 0.45 mM EDTA-treated cells (Fig. 3D) . The cells treated with 0.35 mM EDTA maintained long filaments with high expression of sigG; however, the jump from 0.35 mM EDTA to 0.45 mM EDTA resulted in filament fragmentation, indicating that cell lysis had occurred.
Survival of sigG mutants in response to stress
From the association of sigG transcription with membrane damage, one might expect that mutating sigG would produce a strain with a defective response to envelope stress. In order to test this, the wild-type strain and a strain carrying an in-frame deletion within sigG were incubated with 0.45 mM EDTA for 24 hours before diluting and plating on non-selective media in order to determine survival. Wild-type and sigG strains showed similar survival before being treated; however, after 24 hours of treatment, sigG showed an approximately 100-fold decrease in survival relative to the wild-type strain (Fig. 4) .
The ortholog of SigG in E. coli, RpoE, functions to protect the cell against heat shock. We therefore considered whether mutant defective in sigG might be abnormally susceptible to heat. Vegetative cell survival rates in both strains were similar before heat stress since the cultures were of identical density, and no differences in growth were detected under normal conditions with ammonia/nitrate as a nitrogen source. However, following 30 minutes of heat stress at 46˚C, the sigG mutant showed 100-fold decrease in survival relative to the wild-type strain (Fig. 4) . Akinete-specific stress tests, by comparison, showed that sigG suffered a 5-fold decline in survival rate when subjected to lysozyme, and only a minor reduction in viability after cold treatment as compared with wild-type controls.
Attempts to complement the sigG mutant with a wildtype copy of the gene under control of its own promoter in the multicopy plasmid pSCR119 (Argueta et al., 2004) resulted in micro-colonies that were unable to grow in liquid culture. Expression of sigG from a tac promoter in the multi-copy plasmid pRL490 resulted in micro-colonies containing cells with diverse morphological defects. Cells appeared diamond shaped and were abnormally small or abnormally large (data not shown). This strain was only stable for several weeks under continuous liquid culture and was eventually lost. We were unable to mutate sapG, even after multiple conjugation attempts.
Localization of SigG-GFP following stress
The sigG gene with its upstream intergenic region was cloned into pSUN119 shuttle plasmid to create a chimeric protein with GFP fused to the C-terminus of SigG. This transcriptional/translational reporter plasmid was electroporated into a wild-type strain of N. punctiforme and viewed with a confocal microscope in order to view protein localization within the cell before and after stress. Before heat stress, SigG-GFP was clearly visible around the cell periphery in vegetative cells, indicating localization to the cell membrane (Fig. 5B) . Following heat stress, the halo of localized protein was no longer present ( Fig. 5D) , showing that SigG-GFP proteins were now present throughout the cytoplasm.
In vitro analysis of SigG/SapG interaction
A glutathione-S-transferase (GST) pulldown assay was performed to test if an N-terminal fragment of SapG, predicted to lie in the cytoplasm, was capable of binding to SigG in vitro. A fragment encoding 78 amino acids of SapG between the annotated start codon and predicted trans-membrane domain that lack 35 N-terminal amino acids (Supporting Information Fig. S1 ) was fused in-frame to the C-terminal end of GST, expressed in E. coli, and attached to glutathione agarose beads. These beads were used as bait to "fish" for His-tagged SigG in E. coli lysates. The resulting beads were washed and the released proteins were separated on an SDS PAGE gel. The gel was blotted, and proteins were detected sequentially with anti-His and anti-GST antibodies (Fig. 6 ). Samples containing the GST expressed from a control plasmid (pGEX lanes) and SapG-GST (F4154N-GST lanes) controls that were not incubated with any crude lysate established that the baits were bound to the beads and were of the predicted sizes at approximately 25 and 35 kDa respectively (Fig. 6A ). Only beads containing SapG-GST bait (Npun_F4154N-GST lanes) were capable of pulling down the SigG protein, His-tagged at either the N-or C-terminal end, from a complex mix of proteins in a crude lysate (Fig. 6B ). The GST protein expressed alone from the pGEX plasmid did not pull down any cross-reacting proteins from any of the extracts, indicating that pulldown did not take place due to interactions with the GST protein (Fig. 6B) . Similarly, beads containing SapG-GST did not have any other cross-reacting proteins attached. These results indicate that SigG, Histagged at either the N-or C-terminal end, was able to interact in vitro and bind specifically with an internal N-terminal 78 amino acid fragment of SapG lacking 35 amino acids at the N-terminus.
In vivo SigG regulon determination
Two DNA microarray experiments were conducted using the zwf model system for akinete induction (Argueta and Summers, 2005) to determine genes regulated by SigG in vivo. When this glucose 6-phosphate dehydrogenase (Zwf) mutant is placed into darkness in the presence of fructose, akinetes form synchronously in only 3-6 days instead of non-synchronous formation starting at 2 weeks when the wild-type strain is induced by phosphate limitation in low light. The first array compared gene expression in a zwf mutant to that in a zwf sigG double mutant during exponential growth to see if low levels of free SigG were abundant enough to affect transcription, and the second compared these strains 2 days after akinete induction to find transcriptional changes during conditions where sigG exhibited increased transcription. The genes listed in Table 1 represent those that were differentially expressed at least twofold between zwf and zwf sigG samples (p < 4.8 3 10 24 ).
We hypothesized that genes downregulated in the mutant in both microarrays would have the highest likelihood of having promoters requiring SigG for their transcription, free of extraneous regulation by additional transcription factors. Genes downregulated in the mutant in only one microarray could be regulated by other sigma factors, or be regulated by conditionspecific transcription factors. The proteins encoded by Positive Log2 fluorescence ratios indicate higher abundance of gene-specific RNA in the mutant strain, while negative ratios indicate lower abundance in the mutant strain. Bold text denotes genes similarly regulated in both arrays; * denotes genes that had orthologs also found down-regulated after heterocyst induction in a sigG mutant of Nostoc PCC 7120 (Ehira and Miyazaki 2015) ; † TM, number of trans-membrane domains predicted using TMHMM (Krogh et al., 2001) ; sig seq, signal sequence predicted by SignalP (Petersen et al., 2011). downregulated genes shared between the two arrays included Npun_R0727 and Npun_F4926, two peptidases with transmembrane domains; Npun_R4059 and Npun_R6595, two protein of unknown function with predicted non-cytoplasmic localization; and Npun_F0437, annotated as a possible spore germination protein due to the presence of a domain found in GerM of Bacillus, implicated in both sporulation and spore germination (Slynn et al., 1994) .
Downregulated genes in the mutant specific to exponential growth conditions include several clustered, phage-associated genes (Npun_F1401-F1404 and Npun_R1408), which are likely to be associated with the remnants of an inactive prophage in the genome of N. punctiforme. Downregulated genes in mutants that were identified solely during akinete-induction conditions include many that encode proteins with predicted transmembrane domains or signal sequences, indicating potential localization to the bacterial envelope. These included Npun_F5356, which encodes a LepB serine protease involved in cleaving the signal peptides from proteins that are excreted across the cell membrane (Dalbey et al., 1997) ; Npun_F1455 and Npun_F0817, whose protein products contain beta-barrel domain families that are typically inserted in the outer membrane of Gram negative bacteria (Rigel and Silhavy, 2012) ; Npun_F4027, which encodes a protein containing an Slayer homology domain typical of proteins found on the outer surface of Gram negative bacteria; Npun_F6098, a gene that encodes the HepS protein required for heterocyst polysaccharide biosynthesis (Lechno-Yossef et al., 2006) ; and a number of genes encoding conserved proteins with no discernible conserved domains that might indicate their potential functions.
Akinete-induced, downregulated genes in the sigG strain that encode putatively cytoplasmic proteins or products that localize to an unknown region include Npun_F2931, which codes for a UDP-Nacetylglucosamine O-acyltransferase, the first enzyme in the lipid A biosynthetic pathway required for lipoposysaccharide (LPS) synthesis (Anderson et al., 1985) ; Npun_F3483 and Npun_F5566, which encode glycosyl transferases associated with expolysaccharide or LPS synthesis; and Npun_F1845, containing an Nacetylmuramoyl-L-alanine amidase domain catalyzing cell wall hydrolysis allowing cell-cell communication required for heterocyst formation (Berendt et al., 2012) .
Upregulated genes common to both conditions include Npun_F0915, whose protein contains a potential RNA-binding TROVE domain identified in ribonuclear proteins such as Telomerase, Ro and Vault (Bateman and Kickhoefer, 2003) ; and Npun_F1207, which encodes a small, 66 amino acid-long protein of unknown function.
Upregulated genes in the mutant specific to vegetative exponential growth include Npun_F6483 and Npun_R479, two genes that encode homologs of precorrin-2 C20-methyltransferase (CobI or CbiL) and precorrin-6x reductase (CobK or CbiJ), respectively, involved in formation of a cobalamin (Vitamin B-12) intermediate in the pathway leading to porphyrin biosynthesis (Kang et al., 2012) ; Npun_R1558, which encodes a potential GT-1 family type of glycosyl transferase; Npun_R2778, which encodes a potential endonuclease; two adjacent genes, Npun_F0517-F0518, whose protein products are of unknown function; and Npun_F5115, which encodes a protein that contains a beta-barrel domain associated with proteins located in the outer membrane (Rigel and Silhavy, 2012) .
The number of proteins having transmembrane domains or signal peptides as predicted by SMART (Letunnic et al., 2015) were significantly enriched in the array results (v 2 5 10.952, DF 5 1, p 5 0.0009). Thirteen of the 27 genes (48%) that had reduced transcription in the mutant contained these domains whereas only 19% of randomly sampled genes (N 5 394) from N. punctiforme were predicted to have transmembrane or signal sequences.
Identifying the r G binding site Transcriptional start sites for five genes that showed downregulation in the zwf sigG double mutant in both arrays (Table 1 , Fig. 7A ) were determined. The promoter regions upstream of these sites were aligned, allowing only a single base gap if required to align the conserved motifs that emerged in the 210 and 235 regions (Fig. 7A ).
Based on these results, we predict that SigG binds at GaAaC-N 16/17 -cgTC' at the 235 and 210 regions (Fig.  7B) . To enhance this consensus sequence based only upon 6 sequences, the upstream 300 bp of these 5 genes plus those from 4 orthologs of each from closely related species (Supporting Information Fig. S3 ) were used in GLAM2 (Frith et al., 2008) to search for common motifs. The results indicated a stronger consensus of GaAAC-N 16/17 -CGTC ( Fig. 7C ; Supporting Information Fig. S3) . Three of the RACE-mapped gene promoters were chosen for in vitro analysis and one for in vivo reporter studies. Npun_R4059 was found to contain two transcriptional start sites located 27 and 195 bp upstream from the start codon. The upstream promoter differed at two positions from the downstream promoter in the 235 region. The Npun_R4059 downstream promoter and the Npun_F0437, located promoter contain identical 235 regions with the core sequence GaAAC differing by only one base spacing between the two regions (16 vs. 17 bp, respectively). The 235 region of Npun_R6595 differs from the 235 consensus by only one base (GaAtC), and has the shorter 16 bp spacing. All four promoters contain identical 210 regions with the core sequence CGTC. The two transcriptional start sites for Npun_R4059 were found to lie at 227 and 2195 relative to the start codon, and the single start sites for Npun_F0437 and Npun_R6595 at 254 and 236 respectively.
In vitro run-off transcription assays were conducted on fragments PCR-amplified from the genome that contain these three promoter regions (Fig. 7D ) using purified N. punctiforme RNA polymerase. The core enzyme was pre-incubated with purified SigG-His 6 prior to the assay to allow association of the RNAP-SigG holoenzyme. Following electrophoresis, autoradiography of the run-off transcripts displayed bands of predicted sizes for each promoter (Fig. 7F) . The large Npun_R4059 runoff product not identified by RACE analysis could be due to a weak SigG consensus site present in this linear PCR template that uses a potential start site 76 bp further upstream with the 235 sequence (GaAgtaa) separated from the 210 sequence (taTC) by 18 bp (Supporting Information Fig. S2 ).
According to the DNA microarray data, both vegetative and akinete-induced conditions showed a greater than 4-fold decrease in Npun_R4059 expression in a sigG mutant when compared with a wild-type strain (Table 1) ; therefore, Npun_R4059 was chosen to test for in vivo regulation by SigG. A promoter-reporter plasmid for Npun_R4059 displayed low-level constitutive expression in wild-type vegetative cells and increased expression in heterocysts and other cells randomly positioned within filaments (Fig. 7E, left) . In a sigG deletion strain, vegetative cells exhibited reduced basal levels of expression and lacked increased fluorescence in Fig. 7 . Aligned immediate upstream regions from predicted start sites of genes with reduced expression in a DsigG mutant; capitalized base to the right in promoter sequences denotes start/processing site identified by RACE (A). LOGO for 5 genes downregulated in the double mutant strain in both DNA microarrays (http://weblogo.berkeley.edu/logo.cgi) (B), and for an additional 20 orthologs of these genes as described in the text (C). Predicted run-off transcription products from SigG promoters for Npun_F0437, R4059 and R6595 with relative sizes of PCR template fragments (solid lines) and predicted transcript (dotted lines) sizes in nucleotides for in-vitro transcription. Left photomicrograph in each pair of photos in E shows autofluorescence and the right, GFP fluorescence following heterocyst induction in strains containing a replicating plasmid carrying a Npun_R4059-GFP transcriptional fusion. Left pair, fluorescence in a wild-type background; Right pair, fluorescence displayed in a sigG mutant background. F shows an autoradiograph of labeled RNA run-off transcripts for each reaction using RNAP-SigG holoenzyme on templates 1-3 in D. Predicted RNA sizes in nucleotides (nt) are indicated to the left of the autoradiograph.
heterocysts (Fig. 7E, right) . Occasional expression in random cells was still observed in the mutant strain.
Discussion
The experiments presented here clearly establish SigG as an ECF sigma factor in N. punctiforme. Primary sequence analysis of SigG shows that it contains the requisite Regions 2 and 4 conserved across all sigma factors, and that it lacks Regions 1 and 3 typically found in the sigma 70-type of housekeeping sigma factors (Gruber and Cross, 2002) (Fig. 1) . Essentially, ECF sigma factors are "stripped down" versions of primary sigma factors; Region 2 has been shown to interact with core RNA polymerase and the 210 region of bacterial promoters, while Region 4 has been shown to interact with the 235 region (Murakami et al., 2002) . Region 1 is thought to possess an autoinhibitory domain that masks DNA binding by other domains of the sigma factor in its free form (Gruber and Cross, 2002) , and Region 3 is capable of recognizing and binding extended 210 regions of promoters when associated with the RNA polymerase core . Negative autoregulation of DNA binding by Region 1 may not be necessary due to the presence of an antisigma factor that inhibits binding of the free sigma, as has been suggested previously (Gruber and Cross, 2002) . Furthermore, SigG from N. punctiforme groups with SigG proteins in other well-studied cyanobacteria such as Nostoc PCC 7120 and Synechocystis PCC 6803, and forms a distinct clade with Npun_F2132 (SigI), the other putative ECF-type sigma factor in N. punctiforme (Fig. 1) .
ECF sigma factors, typified by RpoE in E. coli (De Las Pen~as et al., 1997; Missiakas et al., 1997) , and SigW in B. subtilis (Cao et al., 2002) , are held at the inner surface of the cell membrane by anti-sigma factors that function to sequester the sigma factor and limit its interaction with core RNA polymerase. We hypothesize that SapG also a plasma membrane location, based upon the prediction of a single internal transmembrane domain, and function, based upon conserved Ser46 and Asp50 amino acid residues in the predicted cytoplasmic domain that align with those required for sigma/antisigma binding in E. coli (Supporting Information Fig.  S1 ). Thus, we infer that N. punctiforme's SigG likely interacts with its cognate anti-sigma factor much like E. coli's RpoE and RseA proteins. This idea was supported by our finding that a chimeric SigG-GFP protein localizes to the cell periphery during vegetative growth, but that localization was lost upon incubation conditions that caused envelope damage and induced increased transcription of sigG (Fig. 5) . This release correlated with the increased transcription of Npun_R4059, a gene shown to be in the SigG regulon (Table 1, Fig. 7E ). Further support of this interaction was demonstrated through a pulldown assay (Fig. 6) .
If release of SapG involves proteolysis of the antisigma factor, as found in the E. coli RpoE system, membrane bound proteases similar to YaeL (RseP) and DegS that cleave RseA in E. coli at the cytoplasmic and periplasmic side of the transmembrane regions, respectively, should be present in N. punctiforme. Several predicted proteases with transmembrane domains were identified in the SigG-regulon that might fulfill the role of degrading the anti-sigma. Among these were Npun_R0727 and Npun_F4926, both of which encode membrane-bound proteins with peptidase domains predicted to lie in the periplasm (Table 1) . However, based upon primary sequence and predicted transmembrane locations, non-regulon proteins like Npun_F4035 may instead function as its ortholog, YaeL, and Npun_R2556 or Npun_R6632 may perform the role of DegS. Orthologs of other ancillary proteins related to SigE regulation in E. coli such as RseB, RseC and SspB are not found in N. punctiforme. Future research will be needed to find the similarities between cyanobacterial ECF sigma regulation and that in more well studied bacterial systems.
Mutation of sigG had a pleiotropic effect on gene expression. Transcription levels of 41 genes were affected twofold or more in sigG mutants under normal growth conditions or following akinete induction, with 6 of these identified in both conditions (Table 1 ). Of the 27 downregulated genes in the mutant background under either condition, 48% were predicted to encode proteins containing transmembrane domains or signal sequences, indicating that much of the SigG regulon may be responsive to envelope damage.
These genes include many encoding sugar transferase enzymes, envelope-associated proteases, and an ortholog of HepS, a serine/threonine kinase regulator required for heterocyst polysaccharide layer formation in Nostoc PCC 7120 (Lechno-Yossef et al., 2006) containing a weak transmembrane domain in the C-terminal end below detection by prediction programs. HepS was determined to be essential for the expression of several predicted regulatory proteins. If any of these regulated regulators encoded repressors, their loss may help explain at least some of the observed upregulation of genes in the sigG mutants (Table 1) . Nevertheless, although HepS was downregulated, its expression may not have been completely lost, since a sigG mutant could form functional heterocysts, albeit slightly delayed relative to wild-type (personal observation). These results raise the possibility that a subset of regulated genes responsible for heterocyst development may be responsive to general envelope stress associated with cell differentiation, rather than being orchestrated by development-specific events. It is interesting to note that orthologs of 5 genes in N. punctiforme downregulated after akinete induction (Table 1) , were also downregulated in an Nostoc PCC 7120 sigG mutant 8 hours after heterocyst induction (Ehira and Miyazaki 2015) , indicating that similar stresses may occur during both akinete and heterocyst differentiation.
The proposed SigG binding site identified in this work contains a 235 and 210 region sequence of GaAaC-N 16-17 -cgTCt (Fig. 7) . This is identical to the binding motif gaAAC-N 17 -CGTC found for SigW of Bacillus subtilis (Cao et al., 2002) and contains the conserved GAA 235 motif, the TC portion of the TCTGA 210 motif described by Dartigalongue et al. (2001) , and gTC motif from the 210 region of active promoters identified by Rhodius and Mutalik (2010) for RpoE regulated genes in E. coli, indicating a remarkable conservation among ECF sigma factor binding sites across diverse bacterial species.
The role of SigG as an ECF sigma is also supported through reporter experiments. The sigG transcriptional reporter strain increased dose-dependent fluorescence following envelope damage by EDTA (Fig. 3) . EDTA is a chelating agent that is often used to weaken the integrity of the cell outer membrane; this is due to its ability to sequester divalent cations required to stabilize the outer membrane by bridging electrostatically repelling forces between lipopolysaccharides. Previous work showing that the Nostoc PCC 7120 ortholog of SigG increased transcription following desiccation, a stress also known to affect membrane structure, supports the idea of its role in general envelope stress . Heterocysts and, to a lesser degree, akinetes, as well as cells adjacent to heterocysts, all displayed increased fluorescence in the sigG transcriptional reporter strain (Fig. 2) , indicating envelope stress in these cells. In fact, envelope perturbations in differentiating cells may be associated with deposition of extra envelope layers associated with akinetes and heterocysts (Murry and Wolk, 1989) . Expression in cells adjacent to heterocysts (Fig. 2D ) could indicate that narrowing of the cell-cell contact between a heterocyst and its neighbors may cause envelope stress to those adjacent cells. SigG regulates its own transcription (compare Fig 2C-E with F-G), indicating positive autoregulation similar to that observed for other ECF sigma factors (Helmann, 2002) .
Increased transcription in heterocysts and neighboring cells was also observed in the Npun_R4059 transcriptional reporter strain, but only when a genomic copy of sigG was present. R4059 was chosen as a candidate for this reporter study primarily because the array results indicated large transcriptional changes in a sigG mutant in both arrays (Table 1 ) and the presence of two promoters. The downstream promoter region of R4059 matches our consensus binding motif for ECF sigmaassociated holoenzyme, as it possesses both an intact "GaAAC" motif in the 235 region and CGTC motif in the 210 region. The upstream promoter sequence has an identical 210 region, and two non-consensus bases in the 235 region (Fig. 7A) . The observation that basallevel expression of Npun_R4059 is reduced in a sigG mutant background (Fig. 7E) indicates tight control by SigG, and that some SigG is free to transcribe genes during vegetative growth. SigG-dependent transcription of multiple genes during normal vegetative growth is also supported by observation of transcriptional differences of additional genes between a zwf single mutant and a zwf/sigG double mutant under normal vegetative growth conditions in the DNA microarray (Table 1) .
Phenotypic analysis showed that sigG is required for normal recovery or repair, enabling survival after envelope damage. A hundredfold decrease in survival of exponentially growing sigG mutant occurred following exposure to EDTA, likely due to the mutant's inability to handle the cell envelope damage caused by this chelating agent. A similar drop in survival occurred following heat shock, a stress also known to affect the envelope, in an E. coli rpoE mutant (Alba and Gross, 2004) . Since sigG is not essential for heterocyst formation or function, it is likely that increased sigG transcription aids in coping with envelope stress caused by cellular differentiation and is not an essential part of the differentiation process. This hypothesis appears to also hold true for sigG's role in akinete formation. The sigG mutant strain was not only able to develop akinetes after phosphate deprivation, but also able to form them without delay and without an obvious change in phenotype (personal observation). This is unlike the role of sigG in Synechocystis PCC 6803, where it was found to be essential (Huckauf et al., 2000) .
To find out if akinetes retained their function, survival tests relevant to akinete-bearing cultures were performed on wild-type and sigG mutant cultures. Akinetes have protective envelopes enriched in glycolipids and polysaccharides (Soriente et al., 1993; Leganes, 1994) that form a barrier to the peptidoglycan-degrading enzyme, lysozyme (Jensen and Sicko, 1971; Argueta and Summers, 2005) . Akinetes have also been shown to confer protection under cold conditions (Adams and Duggan, 1999) and so multiple freeze-thaw cycles were conducted to detect any changes resulting from potentially weakened mutant akinete membranes. Results showed that although akinetes of the mutant strain did show increased susceptibility to lysozyme and cold, the decrease in survival were slight compared with the effect of heat and EDTA treatment on vegetative cells. A possible reason for this may be the lengthy akinete induction period; the weeks-long phosphate deprivation, SigG/SapG in N. punctiforme 189 while not lethal, could have given the mutant enough time to adapt to these suboptimal conditions by initiating crosstalk with non-cognate regulators. In contrast, vegetatively growing cells would not have time for those alternative regulators to act, explaining why sudden stresses like heat or EDTA were more toxic to the vegetative sigG mutant (Fig. 4) .
Overall, while it appears that the presence of sigG enables N. punctiforme to maintain optimal levels of defense against various environmental assaults, it does not seem to be specifically required for differentiation. Interestingly, however, in spite of our assertion that sigG is nonessential for strain viability, the fact that we were unable to over-express sigG or mutate the anti-sigma factor, sapG, indicates that perturbation of optimal amounts of SigG required for growth is detrimental. Toxicity or slow growth due to ECF over-expression has also been observed in other bacterial systems, including Sinorhizobium meliloti (Sauviac et al., 2007) , E. coli (Rezuchova and Kormanec, 2001) and Synechococcus PCC 7002 (Inoue-Sakamoto et al., 2007) , indicating tight regulation of these important ECF sigma factors may be universally required for bacterial survival.
Experimental procedures
Bacterial strains and growth conditions
Vegetative cultures of Nostoc punctiforme ATCC 29133 were grown as 50 mL cultures in 125-mL Erlenmeyer flasks with shaking at 100-120 rpm at 23-25˚C with exposure to 19-46 lmol photons m 22 s 21 of cool white fluorescent light in the standard minimal salts medium of Allen and Arnon (1955) . Liquid media was diluted four fold (AA/4), whereas solid media remained undiluted and contained 1% Noble agar (Difco). Both liquid and solid media were supplemented with 5 mM 3-[N-morpholino]propanesulfonic acid, pH 7.8 (MOPS), 2.5 mM NH 4 Cl, 2.5 mM NaNO 3 , 2.5 mM KNO 3 in combination to make MAN (MOPS, ammonia, nitrate) or MN (MOPS nitrate); neomycin at 10 lg ml 21 or fructose at 50 mM concentrations were added when appropriate. Cultures grown on plates were incubated in 0.5% CO 2 at 25˚C under 8-12 lmol photons m 22 s 21 continuous light. For heterocyst induction, strains were grown to lateexponential phase (6-8 lg ml 21 chla), and combined nitrogen was removed by washing the vegetative cultures three times with AA/4 MOPS, followed by suspension in the same medium and placement under normal growth conditions. To induce akinetes, 48-hour heterocyst-induced cultures were washed three times with AA/4 MOPS lacking phosphate and re-suspended in the same media containing 4 mM K 2 HPO 4 . Cultures were placed at room temperature under low light (3-8 lmol photons m 22 s
21
) for 60 days with very slow shaking, or without shaking but with brief agitation to re-suspend the cells every day or two. Akinetes for survival experiments were induced from late-exponential MN cultures and washed in the same media.
Escherichia coli strain DH5a-MCR (Grant et al., 1990) was used for cloning, SoluBL21 (Genlantis) was used for expression of His-tagged SigG proteins, and Rosetta (DE3) (Novagen) was used for expression of GST-tagged proteins. Strains were grown in Luria-Bertani (LB) broth with the exception of SoluBL21 strains, which were grown in M9 minimal media (Sambrook et al., 1989) . Media used for plasmid-bearing strains were supplemented with 30 mg ml 21 kanamycin or 100 mg ml 21 ampicillin.
Plasmid and mutant construction
The sigG transcriptional reporter plasmid was made by PCR amplification of the upstream intergenic region of sigG from N. punctiforme genomic DNA using primers NpF4153 P1/P2 (caccctgcaggtaaccacagcaacccaact/atctggtacccctgctaatgggacagaagt). Since the RACE mapped transcriptional start site for SigG was 200 bp upstream from the start codon, these promoter primers were located to amplify a region between 37 and 357 bp upstream of SigG (Supporting Information  Fig. S2 ). The resulting fragments were digested with PstI/ KpnI and ligated into the pSUN119 GFP reporter plasmid (Argueta and Summers, 2005) . The Npun_R4059-GFP transcriptional reporter plasmid was constructed by cloning the Npun_R4059 upstream intergenic region, PCR-amplified using primers R4059 promP1/P2 (agagctgcagcagcgtcagcagcaatctta/ttctggtaccccattgatgtgagtgagccat) as a PstI/KpnI fragment into pSUN119. The SigG-GFP protein fusion plasmid was similarly made by cloning a PCR fragment containing sigG, amplified using primers NpF4153 GFP F/R (caccctgcaggtaaccacagcaacccaact/ctgtggtaccaggaatctagataattctgc) into the PstI/Kpn sites of pSUN119. Primers used for amplification and cloning of sigG in unsuccessful complementation attempts using pSCR119 (Argueta and Summers, 2005) and pRL490 are described in Supporting Information Fig. S2 . All PCR fragments used for cloning were generated with Herculase (Invitrogen) thermostable polymerase, cloned using standard methods (Sambrook et al., 1989) , and were confirmed by sequencing. Transcriptional and translational reporter plasmids were all electroporated into N. punctiforme as previously described (Summers et al., 1995) . Fusion of the N-terminal end of SapG to glutathione Stransferase (GST) was conducted by cloning a PCRamplified fragment generated with NpF4154N-GST P1/P2 (tcggatccaaatggtgaagcgcgatcgcttcg/atctcgagttaacgggaacgg cggcgcaaa) into the BamHI/XhoI sites of pGEX5X-1 (Amersham). This produced a predicted 35.7 kDa protein containing GST fused in-frame with the 78 N-terminal amino acids of SapG. The cloned region of SapG began with the predicted start codon and ended with the last amino acid predicted to be in the cytoplasm, and did not contain the predicted transmembrane domain. The protein was expressed using E. coli Rosetta strain at 23˚C with 0.4 mM IPTG for 4 hours. N-terminal His 6 tags were added to SigG by cloning the PCR-amplified gene using primer pair 4153 HisN P1/P2 (acgacatatgagtcagtcgattactgtat/atacctcgagttagg aatctagataattctgca) ligated into the NdeI/XhoI sites of pET28a (EMD Biosciences).
The sigG deletion mutant plasmid was constructed using PCR-mediated ligation, fusing upstream and downstream PCR fragments so that the first 12 amino acids of SigG were fused in-frame with the last 9 to create an in-frame deletion fragment. The upstream PCR fragment was generated with primers 4153mutP1/P2 (gattactagtggtag aatctcgccgcatc/caaccgttgaccaggatacag) and the downstream fragment, with primers 4153mutP3/P4 (tgtatcctgg tcaacggttgaagcttacttgcagaattat/gtcggagctcttgggtttggctttggttta). The two fragments were PCR-amplified separately and then combined in a PCR reaction for 15 cycles without primers, followed by a 30-cycle PCR containing primers 4153mutP1/P4. The resulting, amplified, deletion fragment was cloned into the SpeI/SacI sites of pRL278 (Black et al., 1993) . Plasmid mobilization by triparental conjugation was conducted as described previously (Cohen et al., 1994) , except that sigG deletion mutant clones were selected on 5% sucrose plates lacking Nm and deletion mutants were identified by screening using colony PCR with primers flanking sig G. The sigG/zwf double mutant strain was created by a second round of triparental conjugation with the zwf:: nptII insertional mutation plasmid pSCR347 (Hagen and Meeks, 2001 ).
Epifluorescence and confocal laser microscopy
A Zeiss Axiolab microscope with a 1003 oil immersion objective was used for epifluorescence microscopy of GFP transcriptional reporters. GFP fluorescence was detected using a long-pass blue excitation filter (395 nm) and a green band pass (509 nm) filter set (Omega Optical) and captured with a DVC 1312 digital camera. A Texas red filter set (Omega Optical) was used to detect natural autofluorescence from phycobilisomes. A Leica EL6000 laser confocal microscope with a 1003 oil immersion objective was used for visualizing GFP protein fusion fluorescence using excitation from an argon laser and an emission bandwidth of 500-568 nm.
Bioinformatic analysis
The sigma factor protein tree was made using the Seaview program (Guouy et al., 2010) , employing MUSCLE (Edgar, 2004) for sequence alignments and PhyML to make the maximum-likelihood tree using 1000 iterations to generate Bootstrap values. Sigma factor Region assignments were determined using the Conserved Domain Database at the National Center for Biotechnology Information (Marchler-Bauer et al., 2011) .
Stress tests
To test for the effects of envelope stress, transcriptional reporter strains were grown to mid-exponential phase in AA/4 liquid media containing MOPS ammonia, adjusted to yield a chlorophyll a concentration of 5.3 mg ml
21
, then stressed by the addition of EDTA to a final concentration of 0.25, 0.35, or 0.45 lM. After 72 hours culture samples were removed and observed by epifluorescence microscopy as were untreated controls for comparison. To test for survival after EDTA treatment, aliquots of wild-type and sigG mutant were removed before and after 24-hour exposure to 0.45 mM EDTA, and 10 ll of 10-fold serial dilutions of the samples were spotted onto AA MAN plates. To test the effects of heat, wild-type, sigG mutant, or SigG-GFP fusion strains were grown to exponential phase and placed in a shaking 46˚C water bath for 30 minutes. Samples were immediately plated as 10-fold dilutions on an AA MAN plate or observed using confocal microscopy.
Akinetes for lysozyme and cold survival studies were induced in wild-type and sigG mutant directly from MN supplemented cultures. Lysozyme (150 lg ml
) was added to culture aliquots, which were incubated on an orbital shaker at room temperature for 16.5 hours, then washed once with AA/4 MAN to remove lysozyme. Cold stress was carried out by preparing strain dilutions in a 96-well microtiter plate. The plate was covered with a lid and subjected to three freeze-thaw cycles, alternating between 220˚C and room temperature conditions in 20-to 24-hour periods. Prior to and following treatments, cultures were spotted as 10 ll of five-fold serial dilutions on AA MAN plates.
DNA microarray and start site determination RNA was harvested from N. punctiforme zwf mutant (Summers et al., 1995) and sigG/zwf double mutant strains grown in media supplemented with fructose. The strains were allowed to reach mid-exponential phase in the light (T0), and then exposed to zwf-specific, akinete-inducing conditions by keeping the cultures in darkness for 2 days (T2) (Summers and Meeks, 1996; Argueta and Summers, 2005) . Synthesis of cDNA, dye labeling, and array hybridization were conducted as described previously (Campbell et al., 2007) , except that a Tecan 480 hybridization station was used. The T0 samples from the two strains were compared with determine transcriptional changes in vegetative cells due to sigG mutation. The T2 samples from each strain were similarly compared with determine transcriptional differences in developing akinetes. Details of the array protocol and data presented in this publication have been deposited in NCBI's Gene Expression Omnibus (Edgar et al., 2002) and are accessible through GEO accession number GSE61442 (http://www.ncbi.nlm.nih.gov/ geo/query/acc.cgi?acc 5 GSE61442). Mapping of transcriptional start or processing sites was conducted as previously described (Argueta et al., 2006) using the P1/P2 primer sets for cDNA generation/PCR as follows: 0437 race p1/p2 tttgatggtgtgggaggatt/ggaggattgctggagtgtgt; 6595 race p1/ p2accgtcagatgagggtgaag/gatgagggtgaagggggtat; 0727 race p1/p2 tgcactctcagacacctgct/tgtcatacctgatcccagca4926 race p1/p2 gaaatgcctgaactccttgg/tgtactcaggcacaggctca; 4059 race p1/p2 aaagcaaccccagaaggaat/ctgtcttgcccaattctatattgt 4153 race p1/p2 agttggtagcaatgcggctt/atctggagctaggtggtaca (see Supporting Information Data S2 for primer locations).
Protein and RNA polymerase purification
SigG His-tagged at the N-terminal end was expressed in, and purified from, the E. coli SoluBL21 strain grown at room temperature in M9 media using batch purification. Cells were collected by centrifugation and suspended in PBS (300 mM NaCl, 20 mM sodium phosphate buffer pH 7.4) containing protease inhibitor cocktail (Thermo Scientific), using 2 passes at 16,000 psi through a cold French SigG/SapG in N. punctiforme 191 pressure cell. The cell lysate was centrifuged 15 minutes at 13,0003g and the cleared lysate was incubated with HisPur Ni-NTA resin (Thermo Scientific) at 4˚C for 2 hours with gentle shaking. After incubation, the beads were washed 3 times with PBS containing 45 mM imidazole and eluted twice with 1 mL PBS containing 250 mM imidazole and 20% glycerol. Finally, the eluted protein fractions were combined, dialyzed against 50% glycerol storage buffer (Kuznedlov and Severinov, 2009 ) and stored at 220˚C.
The N. punctiforme core RNA polymerase was reconstituted from inclusion bodies of b, b 0 , g, and His 6 -tagged a subunit proteins over-expressed in E. coli as previously described (Tang et al., 1995; Valladares et al., 2008) . All PCR fragments encoding core subunits were amplified from genomic DNA. The PCR fragment producing the a subunit, His-tagged at its N-terminal end, was generated using primer pair RpoA P1/P2 (gatcatatggcgcagtttcagattgaa/catctcgagttaagggtgtttagagcctc) and cloned into the NdeI/XhoI sites of pET28a (Novagen). Untagged proteins were similarly cloned as NcoI/XhoI fragments generated using primer pairs RpoB P1/P2 (ggaccatggctaaagaaacatacat/ttactcgagttattcgtcatcttccagcgat for the b subunit, RpoC1 P1/P2 (aggccatgggacctgcccaaactaa/ttactcgagttaacttgctagtgcttcct for the g subunit, and RpoC2 P1/P2 (aggccatggctaacgaaaaaatgat/ gtactcgagctattcgtcgtcgaaatcatcc for the b 0 subunit.
GST pull-down assay
Glutathione S-transferase (GST) and GST-tagged SapG were expressed in the Rosetta strain as soluble proteins following a 4 hour induction at 28˚C with 0.4 mM IPTG. Following induction, cell lysis and production of a cleared lysate were conducted as above for His-tagged proteins. Preliminary experiments were conducted to determine the amount of cleared lysate that would result in the binding of 500 ng of GST protein to 10 ml of glutathione agarose beads (Pierce), following incubation for 2 hours with gentle rocking at 4˚C in a total volume of 40 ml. Beads were washed twice with 100 ll of ice-cold TGEM-1.0 (20 mM Tris pH 7.5, 20% glycerol, 1 mM EDTA, 5 mM MgCl 2 , 1 mM DTT, with 1 M NaCl), followed by two additional washes with TGEM-0.1 (TGEM containing only 0.1 M NaCl). Washed beads were suspended in 40 ml of TGEM-0.1, and then an equal volume of 1/10-diluted, cleared lysates from E. coli, expressing either the N-or C-terminal His-tagged SigG, was added and incubated at 4˚C with gentle shaking for 2 hours. Beads were washed four times with ice-cold TGEM-0.1, suspended in SDS loading buffer and heated at 95˚C prior to separation of released proteins by SDS PAGE. Gels were blotted, hybridized with an anti-His antibody, and visualized using a ONE-HOUR Western detection kit, stripped and re-hybridized/visualized using an anti-GST antibody using manufacturer's instructions (GenScript).
In vitro transcription
In vitro transcription assays containing 2 mg RNA polymerase core and a 20-fold molar excess of SigG in 15 ml 13 reaction buffer (40 mM Tris-HCl pH 8.0, 150 mM K-glutamate, 10 mM MgCl 2 , 1 mM DTT, and 0.01% Triton X-100) were incubated for 20 min at 30˚C to allow core/SigG association, then 20 ml 13 buffer containing 1 pmol of template was added and incubated for 20 min to allow holoenzyme/promoter binding. The assay was initiated by addition of 15 ml NTP mix [167 mM CTP/ATP/GTP, 41 mM UTP and 0.5 ml a-32 P-UTP (3000 Ci/mmol; Perkin Elmer)], and allowed to proceed for 20 min. All reactions were carried out at 37˚C. Reactions were stopped by addition of 50 mM EDTA, ethanol-precipitated in the presence of 30 mg glycogen, dried and loaded onto a 5% acrylamide (19:1 acrylamide:bis) 8 M urea TBE gel. Following electrophoresis, the gel was dried onto blotting paper and exposed to X-ray film.
